Telomere maintenance can occur in the presence of telomerase or in its absence, termed alternative lengthening of telomeres (ALT). ALT adds telomere repeats using recombination-based processes and DNA repair proteins that function in homologous recombination. Our previous work reported that the RecQ-like BLM helicase is required for ALT and that it unwinds telomeric substrates in vitro. WRN is also a RecQ-like helicase that shares many biochemical functions with BLM. WRN interacts with BLM, unwinds telomeric substrates, and co-localizes to ALT-associated PML bodies (APBs), suggesting that it may also be required for ALT processes. Using long-term siRNA knockdown of WRN in three ALT cell lines, we show that some, but not all, cell lines require WRN for telomere maintenance. VA-13 cells require WRN to prevent telomere loss and for the formation of APBs; Saos-2 cells do not. A third ALT cell line, U-2 OS, requires WRN for APB formation, however WRN loss results in p53-mediated apoptosis. In the absence of WRN and p53, U-2 OS cells undergo telomere loss for an intermediate number of population doublings (50-70), at which point they maintain telomere length even with the continued loss of WRN. WRN and the tumor suppressor BRCA1 co-localize to APBs in VA-13 and U-2 OS, but not in Saos-2 cells. WRN loss in U-2 OS is associated with a loss of BRCA1 from APBs. While the loss of WRN significantly increases telomere sister chromatid exchanges (T-SCE) in these three ALT cell lines, loss of both BRCA1 and WRN does not significantly alter T-SCE. This work demonstrates that ALT cell lines use different telomerase-independent maintenance mechanisms that variably require the WRN helicase and that some cells can switch from one mechanism to another that permits telomere elongation in the absence of WRN. Our data suggest that BRCA1 localization may define these mechanisms.
Introduction
Shortening of chromosome ends persists in normal cells with each round of cell division due to inability of the replication machinery to proceed completely to the chromosome end. Telomeres protect the terminal chromosome ends by buffering the loss of coding DNA and by concealing the chromosome end from recognition as a DNA double strand break. Although most human somatic cells do not maintain their telomeres, cancer cells activate a telomere maintenance mechanism to support growth and immortalization. A majority of cancers activate telomerase, while a subset maintains telomeres in the absence of telomerase. This telomere maintenance mechanism is termed alternative lengthening of telomeres, or ALT.
Yeast cells can survive without telomerase in two RAD52-dependent forms [1] : type I survivors are RAD51-dependent and have short telomere repeats and amplified Y9 telomere elements, while type II yeast are RAD50-dependent and have long heterogeneous telomere repeat tracts. Immortalized mammalian cells without detectable telomerase expression are classified as ALT. ALT characteristics include heterogeneous telomere lengths, extrachromosomal telomeric repeats (ECTR) and ALT-associated PML bodies (APBs), although these characteristics are variable [2, 3] . Evidence suggests that ALT uses recombination to add telomeric repeats to the chromosome terminus [4] ; homologous or non-homologous chromosome ends can supply a (TTAGGG) n template for telomeric recombination. Alternatively, sister chromatids or extra-chromosomal telomere repeats (ECTR), abundant in both linear and circular forms in ALT cells, may provide templates for telomere elongation by de novo addition (linear) or rolling circle amplification (circular). Both inter-telomeric copying between chromosomes [4] and intra-telomeric copying within the same chromosome [5] have been shown. Given these options, multiple telomerase-independent maintenance mechanisms may be used by mammalian cells, reminiscent of the yeast type I and II pathways.
Numerous DNA repair proteins localize to the telomere in ALT cells and are assimilated in APBs. APBs are distinguished from normal PML bodies by the inclusion of telomeric proteins and telomere DNA [6] and are sites of bromo-deoxyuridine (BrdU) incorporation [7] . APBs are considered sites of telomere elongation and/or dynamics in ALT cells. DNA repair proteins, such as the MRN complex [7] , localize to APBs and may function to recognize or protect telomeric intermediates in ALT recombination processes or may actively participate in telomeric recombi-nation. Two other DNA repair proteins, the RecQ-like BLM [8] and WRN [9] helicases localize to APBs.
Bloom syndrome (BS) and Werner syndrome (WS) are inherited chromosome instability disorders marked by predisposition to cancer. The genes mutated in BS and WS, BLM and WRN, respectively, encode proteins of similar structure that carry out essential roles in DNA replication and repair. Both helicases unwind telomeric DNA sequences and structures in vitro [10, 11] , suggesting that they unwind the terminal telomere loop structure (T-loop) to allow telomere elongation. BLM [8] and WRN [11] interact with telomeric proteins and telomere DNA in immortalized human cell lines. The telomeric proteins TRF2 [10, 12, 13] and POT1 [14] interact with BLM and WRN to stimulate helicase activity using telomeric substrates in vitro.
Evidence suggests that telomere dysfunction contributes to disease pathology in both BS and WS: BS cells exhibit telomeric associations [10] , while cultured WS cells undergo early senescence [15, 16] and exhibit increased telomeric sister chromatid exchange [17] and telomere loss [18] . Exogenous telomerase expression prevents early senescence and telomere loss in WS cells [18, 19] , indicating shortened telomeres may contribute to disease progression. Wrn-deficient mice lack the WS disease phenotype [20] , although late generation mice develop phenotypes that closely mimic WS when Wrn is mutated in combination with Terc, the RNA component of telomerase [21] . Normal mice display these phenotypes only in the context of shortened telomeres, suggesting that the Wrn 2/2 manifestations are associated with shortened telomeres. Mutation of Blm, Wrn and Terc accentuates telomere dysfunction, suggesting that all proteins function at the telomere [22] .
Our previous work showed that BLM is required to maintain telomeres in ALT cells, but not in telomerase-positive cells [23] . The similarities in structure and in vitro function of BLM and WRN suggested that WRN may also be required for ALT. A previous study concluded that WRN is dispensable for ALT based upon a WS cell line that displays ALT characteristics, AG11395 [2] . AG11395 is SV40-immortalized, incorporates SV40 sequences into its telomeric repeats and fails to form APBs. Expression of WRN in AG11395 cells results in APB formation, gain of telomeric sequences and the conversion of type I-like telomeres (with SV40 sequences interspersed) to type II-like telomeres [24] and suggests that WRN can function at the telomere in some ALT mechanisms. Therefore, we asked whether WRN is required for ALT by investigating its role in three other ALT cell lines. Our results show that two of these three ALT cell lines require WRN to maintain telomeres by preventing telomere loss and promoting APB formation. In addition, the requirement for WRN in ALT is associated with an ALT-specific interaction between WRN and the BRCA1 tumor suppressor. Finally, we present evidence for an ALT mechanism switch in cells undergoing long-term siRNA knockdown of WRN and p53 confirming that ALT cells can use different pathways of telomerase-independent telomere maintenance, that these pathways employ unique subsets of proteins, and that cells have the ability to switch ALT mechanisms when telomeres begin to shorten.
Results
Continuous WRN knockdown shortens telomeres in VA-13 and U-2 OS, but not Saos-2, ALT cell lines
Telomeres shorten an average of 50-100 bp per cell division in the absence of a telomere maintenance mechanism [25] [26] [27] [28] . To investigate whether WRN is necessary to maintain telomeres in the absence of telomerase, we continuously knocked down WRN in two telomerase-positive immortalized human cell lines, HeLa and MCF7, and two ALT immortalized human cell lines, WI-38 VA-13/2RA (hereafter referred to as VA-13) and Saos-2. Attempts to generate stable clones using two pSilencerWRN shRNA plasmids generously provided by Dr. Patricia Opresko were unsuccessful. Although multiple antibiotic-resistant cell clones were generated, WRN continued to be expressed as assessed by western blot (data not shown). As an alternative strategy, pooled WRN siRNAs were reverse-transfected into cells every five days to maintain a continuous transient knockdown. Cells were maintained in culture for at least 30 population doublings (PD) with continuous transient WRN knockdown to allow changes in telomere length to occur. PD times ranged from about 24 hours for HeLa and U-2 OS cells to almost 48 hours for MCF7 cells. Although PD differed slightly among cell lines, cell cycle distribution and progression were similar. WRN expression was consistently reduced by over 90% in all cell lines (Fig 1A, top panels) as compared to the loading control lamin B (Fig 1A, bottom panels) . Figure 1 depicts a representative knockdown of WRN examined at 48 hours after transfection; western blots showed similar reductions five days after initial transfection ( Fig S1) and throughout the entire course of the experiment. BLM and WRN are highly homologous; therefore western blotting verified that WRN siRNAs were specific to WRN and did not affect BLM expression levels ( Fig 1A, middle panels). Cells were transfected with pooled scrambled control (SC) siRNAs as a negative control. No growth defects were observed in cells transfected with WRN siRNAs compared to those transfected with SC siRNAs or untransfected cells. Cells were then analyzed for characteristics of telomere maintenance mechanisms.
To examine the requirement for WRN in telomere maintenance, relative telomere lengths were measured in cells maintained with continuous WRN knockdown. Genomic DNA was extracted from cells at 4, 20 and 54 population doublings (PD) after initiation of WRN knockdown and telomere repeat length analyzed by quantitative real-time PCR (qRT-PCR) [29] . qRT-PCR allows a quantitative relative telomere length measurement from a small amount of DNA, in comparison to telomere restriction fragment Southern blotting (TRF Southern); because we performed longterm siRNA knockdowns in small cell populations, sample DNA amounts only permitted qRT-PCR measurement of telomeres. However, to validate the ability of qRT-PCR to measure telomere length accurately, we performed both qRT-PCR and telomere restriction fragment (TRF) Southern blotting on a separate subset of DNA samples, which showed good correlation between the two methods ( Fig S2) . In addition, we confirmed the ability of qRT-PCR to measure reported changes in telomere length after stable BLM knockdown in Saos-2 cells, previously measured by TRF Southern blot (Fig 1B) [23] . A significant reduction in relative mean telomere length after BLM knockdown (p = 0.006) was observed. Relative telomere length in two telomerase-positive cell lines was unchanged in response to continuous transfection with SC (HeLa p = 0.506; MCF7 p = 0.415) or WRN siRNAs (HeLa p = 0.195; MCF7 p = 0.987) at all PDs sampled (Fig 1B) . HeLa cells were maintained in culture for 58 PD and MCF7 cells were maintained for 32 PD. In contrast, VA-13 ALT cells were unable to maintain telomere lengths without WRN. Telomere lengths remained stable for 20 PD, but then steadily shortened to almost 50% of their original length by 54 PD (p = 0.0004). Remaining cells in culture declined in health until no cells survived at 66 PD, presumably due to progressively shortening telomeres; sufficient cell numbers for analysis could not be collected after 54 PD. No significant change in telomere length was observed in untransfected controls or SC siRNA transfected VA-13 cells (p = 0.670), indicating the telomere length reductions were a specific response to WRN knockdown (Fig 1B) . In contrast, Saos-2 ALT cells steadily maintained long telomere lengths despite high WRN knockdown efficiency (Fig 1A, 1B) . Saos-2 cells were maintained in culture for 124 PD without a significant change in telomere length in response to WRN siRNAs (p = 0.732) or SC siRNAs (p = 0.146). These results suggest that VA-13 cells require WRN for alternative telomere maintenance and that Saos-2 cells do not.
We asked whether our results were unique to VA-13 cells and transfected the U-2 OS ALT cell line with WRN siRNAs. U-2 OS ALT cells are established from an osteosarcoma but maintain an intact p53 pathway although most other ALT cell lines, including VA-13 and Saos-2, are mutated or null for p53. U-2 OS cells died in culture in response to WRN knockdown after 17 PD accompanied by an increase in cleaved poly-ADP ribose polymerase 1 (PARP1) (,30% induction compared to camptothecin treatment) following transfection with WRN siRNAs (Fig 2A) . No change in telomere length was detected during this time, indicating that U-2 OS cells without WRN undergo apoptosis before a change in telomere length is detected. To test whether WRN is required for ALT in U-2 OS cells, U-2 OS cells were simultaneously transfected with siRNAs to reduce both WRN and p53; western blots demonstrated that both proteins were effectively reduced ( Fig 2B) . Cells were maintained in culture with continuous transient knockdown as described previously. A significant reduction in telomere length (38%) was detected at 77 Figure 1 . WRN siRNA knockdown and telomere length of HeLa, MCF7, VA-13, and Saos-2 cells. A. Pooled WRN siRNAs or scrambled control (SC) siRNAs were transfected into immortalized human cell lines and whole cell extracts were collected 48 hours after transfection. Each lysate was separated by SDS-PAGE and western blotted with antibodies to WRN (top), BLM (to ensure specificity of the siRNAs, middle), and lamin B (as a loading control, bottom). B. Relative telomere length measurement by qRT-PCR. The difference in the cycle threshold (C t ) between a telomerespecific PCR reaction and a single copy gene (ALB) PCR reaction is calculated for each sample as the DC t , which represents the average relative telomere repeat length. Telomere length in Saos-2 ALT cells decreases after stable BLM knockdown as measured by TRF Southern blot [23] . Here, we confirm detection of these length changes by qRT-PCR (far right). Telomere lengths of telomerase-positive cells, HeLa and MCF7, and ALT cells, VA-13 and Saos2, were measured following transfection of either SC or WRN siRNAs. Relative lengths depicted represent the final measurement for each cell type, which was taken at the population doubling number (PD) indicated. (ALT = alternative lengthening of telomeres; TRF = telomere restriction fragment; PD = population doubling). doi:10.1371/journal.pone.0093991.g001 PD in U-2 OS cells transfected with WRN and p53 siRNAs ( Fig 2C) .
The ability of a cell or tumor to switch telomere maintenance mechanism is not well understood, although recent publications suggest that this may occur [30] . As Ballal et al. [31] reported that telomerase expression increased in cell cultures following BRCA1 knockdown, the telomere repeat amplification protocol (TRAP) assay was used to assess telomerase activity in cell extracts of Saos-2 ALT cells to test whether telomerase reactivation permitted their ability to maintain telomeres without WRN. Non-transfected Saos-2 cells do not express telomerase and exhibited no activity in the TRAP assay; transfections with SC or WRN siRNAs did not result in telomerase activation ( Fig S3) . Positive controls for the TRAP assay included extracts from telomerase-positive MCF7 and HeLa cells. Activity was absent in VA-13 and U-2 OS ALT cell lines (Fig S3) . These results support the conclusion that WRN is not required for ALT in Saos-2 cells.
Loss of WRN prevents APB formation in VA-13 and U-2 OS cells
ALT characteristics of VA-13 and U-2 OS cells were analyzed following WRN knockdown. APBs, in which PML co-localizes with the telomeric protein TRF2, are characteristic of ALT cells and are quickly responsive to changes in ALT activity [32] [33] [34] , suggesting that these nuclear bodies reflect the type of telomere maintenance mechanism used by cells. APBs were visualized in fixed cells by immunofluorescence with antibodies to TRF2 and PML following WRN or SC siRNA transfection ( Fig 3A) . APBs sharply decline in ALT cells upon BLM knockdown [23] , so these cell lines were also transfected with BLM siRNAs to provide a positive control. Control VA-13 (48.7% of cells), Saos-2 (29.8% of cells) and U-2 OS (61.9% of cells) cells displayed significant colocalization of TRF2 with PML, while both telomerase-positive cell lines lacked APBs (Fig 3B) . BLM knockdown significantly reduced APB levels in all ALT cell lines (59.1% reduction in VA-13, p = 0.020; 19.1% reduction in U-2 OS, p = 0.002; and 61.1% reduction in Saos-2, p = 0.007) and had no effect on the telomerase-positive cell lines (HeLa, p = 0.502; MCF7, p = 0.937). These results implicate a function for WRN in APB formation in cells that require WRN for ALT.
ECTR are abundant in ALT cells and are most commonly present in a partially single-stranded, C-rich form termed C-circles [35] . C-circles are a predictor of ALT activity and can be measured in vitro with an assay that promotes rolling circle amplification of C-circles to produce a large and abundant telomeric product [35] . We used the C-circle assay to examine ECTR in VA-13 and U-2 OS cells after transfection with SC or WRN siRNAs and found no differences in the prevalence of Ccircles before or after WRN knockdown (Fig S4) . This result held true for multiple time points after continuous WRN siRNA knockdown, including 4, 20 and 54 PD. The C-circle status of all cell lines tested was unaffected by siRNA transfection, suggesting that loss of WRN does not influence the prevalence of C-circles in the cells tested. These results are consistent with those obtained in CCL75.1 ALT cells, in which WRN knockdown does not alter the levels of T-circles [36] .
WRN is required for ALT telomere maintenance in VA-13 cells
Telomere lengths drastically shorten after prolonged WRN knockdown in VA-13 cells, eventually resulting in cell death at 66 PD. We asked if re-expression of endogenous WRN could reverse this telomere loss. A 50% reduction in telomere length was observed at 54 PD of continuous WRN knockdown. A subset of VA-13 cells was separated and grown in culture for an additional 54 PD without further siRNA transfection. A sample of nontransfected control VA-13 cells and a sample transfected with SC siRNAs for 54 PD were also cultured without further siRNA transfection. Samples of control HeLa cells and those transfected with SC and WRN siRNAs were cultured without further siRNA transfections as a negative control. Telomere length in VA-13 cells stabilized at the shortened 50% length and remained steady for an additional 54 PD in the absence of WRN knockdown (total of 108 PD) (Fig 4) . Telomere lengths did not change in control VA-13 cells or after recovery from SC siRNA (p = 0.622) and no significant change was observed in HeLa cells. Although WRN was reexpressed in cells at levels comparable to untransfected cells (data not shown), the VA-13 telomeres were unable to elongate to the same length as non-transfected control cells (p = 0.002), but were elongated to maintain the new, shorter length in recovered cells. These results suggest that WRN is necessary to maintain telomeres in VA-13 ALT cells.
WRN does not cap telomere ends
The shelterin protein complex-composed of TRF1, TRF2, TIN2, TPP1, RAP1 and POT1-caps the telomere and hides the chromosome end from recognition as a DNA break. Loss of shelterin components results in a robust DNA damage response at the telomere and telomere dysfunction [37] [38] [39] [40] . Telomere dysfunction-induced foci (TIFs) form at telomeres in response to DNA damage and are visualized by co-localization of DNA damage response proteins, including cH2AX and 53BP1, with the telomere. ALT cells maintain basal levels of telomere dysfunction [41] and display TIFs in the absence of DNA damaging treatment. We tested whether WRN may act as a telomere capping protein as WRN knockdown resulted in telomere loss in VA-13 and U-2 OS ALT cells and restoration of WRN expression following telomere shortening in VA-13 cells failed to return telomeres to original lengths. Co-localization of cH2AX with the telomere was immunofluorescently analyzed in fixed control cells and those transfected with SC, WRN or TRF2 siRNAs (Fig 5A) . TRF2 knockdown served as a positive control for the induction of TIFs and resulted in a significant uncapping of telomeres in all cell lines tested (HeLa p = 0.004; MCF7 p = 0.018; VA-13 p = 0.047; Saos-2 p = 0.042; U-2 OS p = 0.001), although TRF2 expression was only modestly knocked down by western blot. WRN knockdown did not alter TIFs in any cell line tested (HeLa p = 0.124; MCF7 p = 0.597; VA-13 p = 0.742; Saos-2 p = 0.345; U-2 OS p = 0.819) (Fig 5B) , suggesting that WRN does not function to cap telomere ends.
Differential requirement for WRN in ALT reflects differences in WRN protein interactions
Finally, we tested whether protein partners of WRN correlated with the requirement for WRN in ALT cell lines. The BRCA1 tumor suppressor, germline mutations in which predispose to ovarian and breast cancer, localizes to APBs [42] . BLM interacts with BRCA1 in the BRCA1-associated genome surveillance (BASC) complex to sense and repair DNA damage [43] ; WRN interacts with BRCA1 specifically in response to interstrand crosslinks [44] . As this evidence suggests that WRN and BRCA1 may associate at telomeres, ALT cells were examined for an interaction between WRN and BRCA1. Immunoprecipitationwestern experiments with anti-BRCA1 and anti-WRN antibodies revealed a robust interaction between WRN and BRCA1 in VA-13 ALT cells, but not in Saos-2 ( Fig 6A) . Reversing the antibodies for immunoprecipitations generated similar results (data not shown). This interaction was most prominent in cells synchronized in G 2 /M-phases of the cell cycle when ALT is thought to occur (Fig 6B, 6C) . Immunofluorescent staining demonstrated colocalization of WRN and BRCA1 foci in asynchronous fixed VA-13 and U-2 OS cells (Fig 7A) . Quantification of the percentage of cells with co-localized foci demonstrated that 38% of VA-13 (p = 0.004), 43% of U-2 OS (p = 0.001), and 7% of Saos-2 (p = 0.061) cells demonstrate co-localization of WRN and BRCA1 as compared to the lack of co-localization in HeLa cells (Fig 7B) . Furthermore, transfection of WRN siRNAs decreased BRCA1 localization to APBs 48 hours after knockdown in VA-13 (p = 0.004) and U-2 OS (p = 0.001), but not in Saos-2 cells (p = 0.376) (Fig 8) . BRCA1 co-localization to PML bodies, as previously reported in telomerase-positive HeLa cells [45] , was unaffected by WRN siRNA transfection (p = 0.183) (Fig 8) . Taken with the results on APB formation (Fig 3) , these results are consistent with WRN functions in APB assembly in VA-13 and U-2 OS cells.
Evidence for an ALT mechanism switch in U-2 OS cells transfected with p53 and WRN siRNAs Shortened telomere lengths were observed in U-2 OS cells following continuous WRN/p53 knockdown at 77 PD (Fig 2) . Cells were maintained in culture with siRNA transfections and further changes in telomere length evaluated. No changes in cell viability were observed although similar knockdown efficiencies were observed at later population doublings (105 PD) (Fig 9A) . Therefore, telomere lengths were again measured using qRT-PCR at 110 PD and 140 PD. Surprisingly, telomeres had elongated in cells continuously transfected with WRN and p53 siRNAs to lengths consistent with control transfected cells (Fig 9B) . The TRAP assay was used to determine whether telomerase reactivation had elongated telomeres as observed in Ballal et al. 2009 [31] . TRAP assays using extracts from transfected U-2 OS cells were still negative, showing that telomerase did not elongate telomeres , and three ALT cell lines, VA-13, Saos-2 and U-2 OS. Cells were fixed 48 hours after transfection with scrambled control (SC) siRNAs, BLM siRNAs or WRN siRNAs and immunofluorescently labeled with antibodies to PML and TRF2. We have previously shown a reduction in APBs following BLM knockdown [23] , so cells transfected with BLM siRNAs served as a positive control. PML is labeled in red, TRF2 in green, and nuclei stained with DAPI (blue). B. A graphical representation of at least 3 independent experiments depicts the percentage (data not shown). This result suggests that an alternative ALT mechanism that does not require WRN was activated in U-2 OS ALT cells. APBs were present at levels comparable to those observed prior to telomere shortening/lengthening events (data not shown), and C-circle assays demonstrated no significant difference in C-circles in these cells (data not shown). In contrast to APBs and C-circles, co-localization of BRCA1 with WRN (p = 0.009) and BRCA1 localization to PML bodies (p = 0.05) were altered (Fig 9C) in these late-generation U-2 OS knockdown cells, similar to levels in Saos-2 ALT cells in which WRN knockdown has no effect.
WRN loss increases, but BRCA1 loss reduces, telomere recombination WRN represses telomere sister chromatid exchange (T-SCE), a measure of telomere recombination, presumably by preventing aberrant recombination between sister chromatids [17, 53] . BRCA1 is extensively involved in homologous recombination, although its role specifically in telomere recombination remains undefined. To determine the role of WRN in alternative telomere maintenance, we measured T-SCE after transfecting ALT cells with non-targeting or WRN siRNAs (Fig 10A) . We also transfected cells with BRCA1 siRNAs or WRN and BRCA1 siRNAs to determine whether these proteins may be functioning together to maintain telomeres in ALT cells. In VA-13, Saos-2, and U-2 OS cells, WRN knockdown significantly increased the frequency of T-SCE per chromosome after 72 hours (Fig 10B) . BRCA1 knockdown only modestly impacted telomere recombination after 72 hours-T-SCE decreased in VA-13 and U-2 OS cells and slightly increased in Saos-2 cells. Knockdown of both WRN and BRCA1 had an intermediate effect on T-SCE rates in VA-13 and U-2 OS cells, but affected T-SCE similarly to only BRCA1 or WRN knockdown in Saos-2 cells.
Discussion
The ALT pathway maintains telomeres in the absence of telomerase, but its precise mechanism or mechanisms are largely unknown. A small number of proteins has proven to be essential for ALT. Loss of MRN complex components [33, 34] , SMC5/6 [32] or the BLM helicase [23] inhibits ALT and result in telomere shortening. Loss of other ALT-related proteins do not shorten telomeres but lead to telomere dysfunction [46] . Here, we show that the WRN helicase, germline mutations in which lead to WS, is required for alternative telomere maintenance in some, but not all, ALT cell lines. Our results suggest that there are at least two different telomerase-independent telomere maintenance mechanisms. These results are consistent with previous studies that have identified varied responses to WRN knockdown by different cell lines [51] .
Previous studies have also suggested a function for WRN at the telomere through its interactions with telomeric proteins and structures mimicking telomeric DNA. Our results reveal that WRN is necessary for telomere maintenance in VA-13 and U-2 OS cells and is associated with APB formation, as impaired APB formation occurs with telomere shortening following WRN knockdown. The AG11395 immortalized WS cell line that maintains telomeres by ALT also lacks APBs [2] . Expression of WRN in AG11395 cells results in APB formation, a gain of telomere sequences and the conversion of type I-like telomeres to type II-like telomeres [24] . APBs are a site of BrdU incorporation [7] , suggesting that some ALT cells may use APB-localized proteins for telomere elongation. DNA recombination functions of WRN [47, 48] could support a model of similar function in recombination-mediated telomere elongation within APBs. Previous studies have also demonstrated that suppression of APBs correlates with telomere shortening [33] . Other cell lines, such as Saos-2, may not require WRN either for the formation or function of APBs. Saos-2 cells have high C-circle levels compared to other types of ALT cells [35] . It is plausible that Saos-2 cells rely on ECTR instead of APBs for ALT. C-circle experiments in our studies suggest that WRN is not involved in the formation/ degradation of ECTR and that ECTR levels do not directly account for telomere length changes observed in VA-13 and U-2 OS cells.
ALT-specific requirements for WRN in VA-13 and U-2 OS cells correlate with an interaction of WRN and BRCA1, also associated with a variety of other cellular functions. WRN interacts with BRCA1 in response to interstrand crosslinks; BRCA1 can stimulate both WRN exonuclease and helicase activity in vitro [44] ; WRN interacts with BRCA1 at telomeres of U-2 OS ALT cells in response to resveratrol treatment [49] . BRCA1 is also implicated in telomere maintenance as BRCA1 deficiency results in telomere loss and telomere dysfunction in T-cells [50] . Here, we confirm an ALT-specific interaction between WRN and BRCA1 in VA-13 of cells displaying co-localization of TRF2 and PML, indicative of APBs. Co-localization of PML/TRF2 foci was scored as a positive indication of APBs; at least three independent experiments were averaged to yield the percentage of each cell type. Western blots confirm the ability of BLM siRNAs to reduce BLM expression. doi:10.1371/journal.pone.0093991.g003 and U-2 OS ALT cells and speculate that this interaction facilitates one type of telomere maintenance in the absence of telomerase.
Although previous studies have shown that U-2 OS ALT cells are resistant to WRN siRNA knockdown [51] , we observed the induction of apoptosis 17 PD after initial siRNA transfection. These Figure 5 . Telomere dysfunction-induced foci (TIF) formation after WRN knockdown. A. Representative confocal micrograph images of cells from two telomerase positive cell lines, HeLa and MCF7, and three ALT cell lines, VA-13, Saos-2 and U-2 OS. Cells were fixed 48 hours after transfection with scrambled control (SC) siRNAs, WRN siRNAs or TRF2 siRNAs and subjected to fluorescent in situ hybridization (FISH) with a Cy3-labeled telomeric PNA probe and immunofluorescently labeled with an antibody to phosphorylated histone 2A (cH2AX). As TRF2 is a member of the shelterin complex, TRF2 knockdown was used as a positive control. The telomere is labeled with a Cy3-PNA probe in red, cH2AX in green, and the nucleus is stained with DAPI (blue). B. A graphical representation of at least three independent experiments were averaged to yield the percentage of each cell type with cH2AX co-localization with the telomere, indicative of telomere dysfunction induced foci (TIF). Western blots confirm the ability of TRF2 siRNAs to reduce TRF2 expression. doi:10.1371/journal.pone.0093991.g005 differences are likely due to the plasticity of telomere maintenance mechanisms in U-2 OS cells. This is further strengthened by our observation that long-term knockdown of WRN in U-2 OS ALT cells, in combination with p53 to prevent cell death, induces a presumed ALT mechanism switch. Telomerase was not activated in these cells, although they experienced a robust shortening and subsequent telomere lengthening in the absence of WRN. Initial telomere shortening was observed by 77 PD accompanied by a loss of APBs, suggesting that WRN was required for ALT. By 110 PD, U-2 OS telomeres lengthened in the absence of WRN, demonstrating that WRN was no longer required for ALT. We believe this change represents a switch from one ALT mechanism to another. No change in APBs levels or ECTR levels was noted between these cells, although noted differences included the localization of BRCA1 to PML bodies and co-localization of BRCA1 with WRN. Further work will characterize these ALT mechanisms.
The ability of WRN to prevent telomere loss in VA-13 and U-2 OS ALT cells may be accomplished by suppressing aberrant recombination within telomeric tracts. T-SCE are frequent in ALT cells [52] and increase after WRN knockdown in telomerasenegative human fibroblasts [53] , implicating RecQ-like helicases in the suppression of aberrant recombination in ALT. We measured significantly increased telomere recombination after WRN knockdown, while BRCA1 knockdown reduced recombination. Similar changes in T-SCE frequency were observed in VA-13 and U-2 OS cells, while Saos-2 cells slightly increased telomere recombination rates in response to WRN and/or BRCA1 loss. While these results still do not illuminate the precise mechanisms of alternative telomere maintenance in each cell line, they demonstrate that Saos-2 cells fundamentally differ from VA-13 and U-2 OS cells. It seems clear that there are major mechanistic differences within the general ALT classification.
Additional studies have demonstrated an increase in ECTR in the absence of WRN, supporting a WRN function in preventing aberrant telomere recombination [54] . Recombination within telomere tracts can result in genomic instability and telomere dysfunction, as following the loss of POT1 [55] . Although we did not detect a change in ECTR following WRN knockdown, the C-circle assay may be limited in its ability to detect small changes in C-circle levels. WRN functions to resolve telomeric D-loops in vitro [11] and resolve G4 structures [56] assumed to arise within the G-rich telomeric DNA and interrupt DNA metabolism. Loss of WRN may promote the stalling of DNA replication machinery within the G-rich telomere strand, increasing recombination within the telomere to bypass the stalled region.
Data from our laboratory suggests very different roles for BLM and WRN in ALT. A recent study by Mendez-Bermudez et al. [57] further supports the segregation of ALT-specific BLM and WRN functions, despite similarities in protein function and specificity. Telomere mutations are absent in WS ALT cells, suggesting that WRN may facilitate complex telomere mutations that arise by interactions between non-homologous telomeric sequences. These data are concordant with the notion that WRN is involved in nonhomologous DNA interactions, while BLM primarily functions in homologous interactions. Further, loss of BLM in WS ALT cells increases telomeric mutation frequency [57] , suggesting BLM and WRN function in different pathways that both promote telomeric recombination.
We have shown that the WRN helicase is required to maintain telomeres in the absence of telomerase in some, but not all, immortalized human ALT cell lines. The variable WRN requirement suggests multiple ALT mechanisms, which may reflect differential use of templates for telomere recombination, including preferences for ECTR, homologous chromosomes or sister chromatids. These varied WRN knockdown results are consistent with previous studies that have demonstrated cellspecific responses to WRN loss, including normal growth in U-2 OS ALT cells and cell death/senescence in HIO 117 ALT cells [51] . The requirement for WRN in ALT correlates with an interaction between WRN and BRCA1, suggesting ALT mechanisms may be classified by unique protein interactions. Finally, our work argues for a variable requirement for DNA repair proteins in ALT mechanisms and a plasticity of these mechanisms. Taken together, these results suggest different ALT cell lines use unique mechanisms of telomere elongation and imply that ALT is a composite of telomerase-independent mechanisms. Further work is required to understand how these mechanisms differ mechanistically and phenotypically. Importantly, understanding the differences within ALT will allow better classification of ALT cells and may reconcile inconsistent results across different cell lines.
Telomere maintenance mechanisms are essential for cellular immortalization of tumors. While the majority of tumors activate telomerase, a significant proportion uses ALT-implicating ALT mechanisms as attractive therapeutic targets. Our studies have identified different ALT mechanisms and identified tumors that are mosaic for cells expressing telomerase and cells with characteristics of ALT [58] . The presence of ALT makes telomerase-based therapeutics ineffective in those mosaic tumors. These studies open avenues for utilizing combinatorial therapeutics targeting each mechanism and necessitate further understanding of ALT and classification of tumors with respect to telomere maintenance mechanisms.
Materials and Methods

Cell lines
Immortalized human cell lines WI-38 VA-13/2RA, Saos-2, U-2 OS, HeLa and MCF7 were obtained from ATCC. Saos-2 and U-2 OS are ALT cell lines derived from osteosarcomas; WI-38 VA-13/2RA is an ALT cell line derived from lung fibroblasts; HeLa is a telomerase-positive cell line derived from a cervical adenocarcinoma; and MCF7 is a telomerase-positive cell line derived from a breast adenocarcinoma. Saos-2, HeLa and MCF7 cells were grown in Dulbecco's Modified Eagle Medium (Invitrogen); WI-38 Figure 9 . U-2 OS cells undergo an ALT mechanism switch under prolonged WRN/p53 knockdown. A. Pooled WRN siRNAs, p53 siRNAs, and/or scrambled control (SC) siRNAs were transfected into U-2 OS ALT cells and whole cell extracts were collected 48 hours after transfection. Each lysate was separated by SDS-PAGE and western blotted with antibodies to WRN (top), p53 (middle), and lamin B (as a loading control, bottom). B. The difference in the cycle threshold (C t ) between a telomere-specific PCR reaction and a single copy gene (ALB) PCR reaction is calculated for each sample as the DC t , which represents the average relative telomere repeat length. Telomere lengths of U-2 OS cells were measured following transfection of SC, p53 or p53/WRN siRNAs at 77, 110 or 140 PD. C. BRCA1 localization to PML bodies and co-localization with WRN were observed after cessation of siRNA transfection after 140 PD of SC/p53 or WRN/p53 knockdown. Cells were fixed and immunofluorescently labeled with antibodies to BRCA1 and WRN or PML. Percentage of cells with co-localized foci was averaged from three independent experiments. (ALT = alternative lengthening of telomeres; PD = population doubling; TRAP = telomere repeat amplification protocol) doi:10.1371/journal.pone.0093991.g009
VA-13/2RA cells were grown in Minimal Essential Medium (Invitrogen); and U-2 OS cells were grown in McCoy's 5A Medium (Invitrogen). All cells were grown in media containing 10% fetal bovine serum (HyClone) and maintained at 37uC with 5% CO 2 . Identity of all cells lines used was confirmed by short tandem repeat (STR) profiling using the Cell ID System (Promega). Allelic profiles for 10 STR loci (D21S11, TH01, TPOX, vWA, Amelogenin, CSF1PO, D16S539, D7S820, D13S317 and D5S818) were analyzed and confirmed (Table 1) in both control cells and after long-term siRNA knockdown.
siRNA knockdown ON-Target Plus pooled siRNAs targeting WRN (Dharmacon) were transfected into cultured cells in triplicate wells using Dharmafect 1 transfection reagent (Dharmacon) per manufacturer's directions at a final concentration of 50 nM. Cells were passaged into fresh media containing siRNAs every 5 days. TRF2 siRNA (Santa Cruz) and pooled p53 siRNAs (Dharmacon) were transfected at 50 nM as above. Pooled scrambled sequence control siRNAs (Dharmacon) are non-targeting and were transfected at 50 nM as above. BRCA1 siRNAs represent a combination of predesigned pooled siRNAs (Dharmacon) and custom siRNAs designed to the 39UTR [59] and were transfected as above at 50 nM each. BLM siRNA (Ambion) was transfected at 40 nM using Lipofectamine 2000 transfection reagent (Invitrogen) per manufacturer's directions.
Western blot
Western blotting of whole cell extracts was performed according to standard procedures. Primary antibodies used were: anti-WRN (Abcam), anti-BLM (Bethyl Laboratories), anti-lamin B (Santa Cruz), anti-TRF2 (Imgenex), anti-p53 (Santa Cruz), anti-PARP1 p85 fragment (Promega), and anti-BRCA1 [60] . Secondary antibodies used were: horseradish-peroxidase conjugated goatanti-mouse, goat-anti-rabbit and rabbit-anti-goat antibodies (Jackson ImmunoResearch Laboratories).
qRT-PCR assay
DNA extracts were collected from cells using the Genomic DNA Isolation kit (Trevigen). Telomeric DNA was amplified from 30 ng total genomic DNA using Sybr green PCR master mix (Applied Biosystems) as previously described [29] . ALB was amplified as a single copy gene control. Both PCR reactions were performed in triplicate wells on an Applied Biosystems 7900HT Fast-Real Time PCR machine. Amplified products were visualized on a 4% agarose gel to verify expected products. For verification of telomere length analysis, TRF Southern blots were performed using standard procedures.
TRAP assay
Telomerase activity was measured using the TRAPeze kit (Millipore) per manufacturer's directions. To prevent interference by PCR inhibitors in the cell extracts, samples were phenolchloroform extracted after template elongation and before PCR amplification. Products were separated on 10% SDS-PAGE gels and dried on a BioRad Model 583 gel dryer. Gels were exposed to phosphor screens (GE) overnight and imaged on a Typhoon 9410 variable mode imager (GE). Negative control samples include no cell extract, while positive controls represent a manufacturerprovided telomerase-positive cell extract.
C-circle assay
Total DNA was extracted from cells using the DNeasy kit (Qiagen) and analyzed for C-circles as previously described [35] . Because C-circle levels vary in different ALT cell lines, 100 ng of DNA was used for Saos-2 and U-2 OS cells, and 1000 ng for VA-13 cells, HeLa cells and MCF7 cells. To control for DNA input, one sample was undigested and not subjected to the C-circle assay (total telomere DNA), while another sample was digested with HinfI/RsaI restriction enzymes and ExoI/ExoV/Exol exonucleases, and subjected to the C-circle assay. C96 is a synthetic C-circle that serves as a positive control [35] . Products were separated on a 0.8% agarose gel and transferred to a nylon charged membrane (Hybond). Telomeric products were visualized by hybridization with a 32 P-end labeled (CCCTAA) 3 probe at 42uC in UltraHybOligo hybridization buffer (Ambion). Membranes were washed and exposed to a phosphor screen (GE) overnight and imaged on a Typhoon 9410 variable mode imager (GE).
Immunofluorescence
Cells were grown on coverslips (Fisher), washed in PBS and fixed in 4% paraformaldehyde. Cells were permeabilized in 0.25% Triton-x-100 in PBS and washed before blocking in 10% normal goat serum (Sigma) and subsequent staining with the indicated antibodies in 1% BSA/0.1% Tween/PBS: anti-TRF2 (Imgenex), anti-PML (Abcam), anti-cH2AX (Millipore), anti-WRN (Active Motif), or anti-BRCA1 (Calbiochem). Primary antibodies were visualized with fluorescent AlexaFluor (Invitrogen) secondary antibodies. For FISH, cells were dehydrated after fixation in an ethanol series, rehydrated in 2X SSC washes and hybridized with a Cy-3 conjugated PNA telomeric probe (Panagene) at 67 mg/mL in 70% formamide/2X SSC. Cells were washed in 0.1% Tween/ PBS at 55uC followed by a rinse in 0.1% Tween/2X SSC at room temperature. Coverslips were then rinsed, air-dried and mounted with VectaShield DAPI mounting medium (Vector Labs) onto glass slides (Fisher). Cells were imaged using a Zeiss AxioVert 200 M with an attached AxioCam MRm camera or an Olympus FV 1000 spectral confocal system. Fifty cells in each of three independent experiments were analyzed blind for co-localization.
Immunoprecipitation
Nuclear extracts were prepared from cultured cells as previously described [61] . Two milligrams of extract were immunoprecipitated with antibodies to BRCA1 (Santa Cruz) or WRN (Abcam) using Protein A/G agarose beads (Santa Cruz) and proteins were separated by SDS-PAGE and blotted onto a PVDF membrane (Millipore). Western blotting was performed as described previously. For synchronization, cells were arrested with 1 ug/mL aphidicolin for 24 hours and extracts were collected 12 hours after release from aphidicolin treatment. Cell cycle profiles were confirmed by flow cytometry of propidium iodide-stained cells.
T-SCE
Cells were transfected with pooled scrambled sequence control siRNAs or WRN siRNAs as above. Pooled BRCA1 siRNAs (Dharmacon) were transfected at 50 nM with Dharmafect 1, then reverse transfected again 24 hours later. Cells were treated and metaphase spreads prepared 72 hours after the initial transfection and stained as previously described [53] . At least 30 metaphase spreads per treatment were analyzed. Statistical analysis
The two-sample t-test was used to analyze significance by comparing each treatment group to the control for each cell line with an assumption of unequal variances. Figure S4 C-circle assay of ALT cell lines before and after transfection with SC or WRN siRNAs. Total DNA extracted from HeLa, Saos-2, VA-13 and U-2 OS cell lines at 20 PD was examined for ECTR by the C-circle assay. Total telomeric DNA is shown in the bottom panel as an input control. Only Ccircle products are visualized in the top panel after linear DNA is digested and subjected to the C-circle assay. Telomeric products are visualized with a 32 P-end labeled (CCCTAA) 3 probe. C96 is a synthetic C-circle and serves as a positive control for the assay, while DNA from telomerase-positive HeLa cells serves as a negative control. (TIF)
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